“‘STUDY AND IMPLEMENTATION OF CMOS
|O’s FOR SUB MICRON VLSI CIRCUITS”

A Major Project Report

Submitted in Partial Fulfillment of the Requirements

For the Degree of

Master of Technology

IN

ELECTRONICS & COMMUNICATION ENGINEERING
(VLSI Design)

By
TRIPTI BHARGAVA
(0O4AMECO004)
Project Guide Facilitator at Institute
Mr. Sandeep Kaushik Dr. N.M. Devashrayee
Project Leader M.Tech Coordinator
IFL Group EC-VLSI Design
FTM Dept Nirma University
ST Microelectronics, G.Noida Ahmedabad

Department of Electronics & Communication Engineering
INSTITUTE OF TECHNOLOGY, NIRMA UNIVERSITY

AHEMADABAD 382481
MAY 2006



CERTIFICATE

This is to certify that the M.Tech. Dissertation peg entitled “Study and
implementation of CMOS 1/O’s for sub micron VLSI circuit” submitted byTripti
Bhargava (Roll no. 04MECO004)towards the partial fulfillment of the requirements for
Semester lI-1IV of Master of Technology (Electronics and Communication
Engineering) in the field of VLSI Design of Nirma University of Science and
Technology, Ahmedabadat STMicroelectronics, G.Noidais the record of the work
carried out by them under our supervision and guidance. ThHe submitted has in our
opinion reached a level required for being accepted fomiestion. The results
embodied in this Dissertation-Project work to the lm#sbur knowledge have not been

submitted to any other University or Institute for asvaf any degree or diploma.

Date:

Project Guide Facilitator at Institute

Mr. Sandeep Kaushik Dr. N.M. Devashrayee

STMicroelectronics Institute of Technology

Greater Noida Nirma University,
Ahmedabad.

HOD Director

Dr. M.D. Desai Dr. H.V. Trivedi

EE — Department Institute of Technology,

Nirma University, Ahmedabad Nirma University, Ahnedabad



ACKNOWLEDGEMENT

Any fruitful effort in a new work needs a direction anddjug hands that shows the way.

It is proud privilege and pleasure to bring our indebtednegsvarm gratitude to respect
Mr. Sandeep Sethi, Ex-Senior Section Manager, Mr. lKalta, Senior Section Manager,
Mr. Paras Garg, IFL Section Manager, STMicroelect®fivt. Ltd., India for his support

during my thesis work.

| would like to express my profound gratitude to my project gMdeSandeep Kaushik,
Project Leader, Design support and solution group, STMiateldcs, Noida, for his

outstanding support and guidance during my project work.

| am thankful to my team members Mr. Nobal Preet Singb in the early stages of the
project helped us a lot with all of his heart and MrsonMa Gupta, Ms. Shikha
Bhardawaj, Mr. Lokesh Pandey and Mr. Manoj Sharma witbm | have been working
and have been monitored regularly at different phasékeoproject which helped me a

lot.

| would like to express my warm thanks to my internaljemio guide Dr. N.M.

Devashrayee for his kind guidance and support during the pregekt

Last but not the least, | express thanks to all migagles and friends, especially, Mr.
Apurva Chaure, Mr. Jatin Fultaria, Mr. Pankaj Agarwal kel Keerti Choubey for their
continuous support and constant encouragement during projdct lweould also like to
thank each and everybody who has directly or indirediglped me in the

accomplishment of the project.

Finally, I would like to thank my family member for patt understanding, love and

support, which make my work possible.

And at last | am also thankful t&TMicroelectronics, GREATER NOIDA for
providing me with an opportunity to work with them and uralesta project of such

importance.

Tripti Bhargava



ABSTRACT

The objective of the work carried out is to design arglement the 2.5v 10 in the 90nm
technology according to the specifications required byethe user which act as an
interface between the core and the off chip enviraimé package is consider as one of
the protective layer, then the 10 frame is the sdcprotective layer to the core Any
external hazards such as electrostatic discharge (BSdnoises should be filtered out
before propagating to the internal circuit for their pabion.

My work concentrates on the designing and the implementaf the output buffer as

per the specification required by the end user. On thaderosense an output buffer
mainly consist of the Testpin and predriver, LeveltshifSlew rate controller and the
2mAmp driver.To have the complete control over the gleig against the varied PVT
condition compensation codes from the compensatiork boased .Implementation of

compensation block is out of scope of thesis as ith&s property of company

STMicroelectronics.In the work carried out various aspdmom designing to layout

(taking into consideration the latch up issue) to valathiave been considered. The
design is basically for 90nm technology.

The design quality of I/Os is a critical factor, whiegh again governed by process
corners, voltage and temperature. MOSFET suffer fromtaniiel parameter variations
from wafer to wafer and from lot to lot.

Basically four corners have been defined N-fast antb\W®;-dN-slow and P-slow, N-fast
and P-slow, P-fast and N-slow. Besides these four psocesiers one more process
corner has been considered i.e. N-typical and P-tymdath may lie some where
between fast and slow. Apart from the processes, thayebe change in voltage as well
as temperature. So for a particular technology high vajpéal value and low value of
the voltages are decided on which the 1/Os as welbes ltas to operate. Similarly the
temperature range has been defined in the range @& #6025C to 125C i.e. minimum,
typical and maximum respectively.

Besides designing more of the importance has been gwéayauts as that is the real
system which is going to operate in real world. Certduacks like design rule checks,
electrical rule checks and specially latch up preventias been kept in mind while
drawing the layouts as latch up alone can kill whole desygdrawing large amount of
currents and hence power consumption, which is somg tindeciding factor of a good
design and of course for the end user.
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Chapter 1
INTRODUCTION

1.1 What are 1/O’s?

I/O is the specially designed element, which acts astarface between core signal and
off chip environment. A chip can be divided into two mparts:

1) Core

2) 1/O's
Any input signal, which comes from off chip device, ha¥e checked by the I/O for any
discrepancy in its behavior other than the defined tfer core and if it finds any
characteristic of the signal, which can damage the,doreither modifies the signal or
simply rejects it. It also checks the signal going froone to the outside world. So 1/0s
are responsible for proper functioning of the entirep chnd guard the core. Thus
however efficient the core design may be, it is fk Wwhich determines the efficiency of
the chip. It is necessary for the designer to andlyeedesigned 1/O under the practical
conditions to verify the deriving strength of the cldelay in signal, power etc. as they
all are heavily dependent on the 1/O irrespective otiwbr the core is compliant with the
specifications or not. Because even a minor differeam¢be performance of the 1/0 than
the desired one can damage the whole circuit or evenase problems to the off chip
circuit, it is the responsibility of the 1/0O to limthe outgoing signal in all respects like

amplitude, frequency, delay etc. (under the specified rafayg)roper functioning.

Today the 1/O structures probably require the most amotiaircuit design expertise
along with detailed process knowledge [6]. A system desigiaemot afford to
contemplate I/0O pad design and hence has been estaliishachportance of a well
characterized 1/O library for the process being utlizeny I/P signal which comes from
off-chip environment (external voltage are at a typiwdtage Vdde level of 2.5V, 3.3V
or 5V) into the chip, must be checked by I/O for anyréiancy. I/O acts as protection



CMOS I/Q’s for sub micron VLSI circuit Chapter 1

device for the core. 1/0 also scans the signal wisigoing from core to off-chip world.
Typically 1/0Os are placed at the periphery of the coggcli.e. on the sides of the core
logic, except on the corners of the cell. They arequlgparallel to one another (abutted
together using filler cells) and vertical to the engfescontaining the core. Also corner
cells are used. This helps in maintaining the power cmgfinuity throughout the cell,
which is very important for uniform distribution of thgower to all the 1/O inside the
chip. [23]

PADS
CORNER CELL
SUPPLY CELL /—-—’ -
GND iomle 1] /
B E’& ¥ BIDIE IO
BONDING i : \ £
WIRES hodzisizis NN
' COMPENSATION
N | conrE
EXTERN =
Al
WORLD
- GHD
INPUT /O Lo
/ 3 QUTPUT 10
FILLHF CELL
EEEEE

COMFPENZATION BLOCK SUPFLY CELL

Figure 1.1 Input/Output and core in &hip
Uniform distribution of power is necessary, as thesld&de placed all over the periphery
and due to large distances between them there is higiceclaf the power getting
degraded, which means 1/Os will get power in a broadeyeréimn the required one. For
e.g. the actual voltage received by one buffer could bar@Mor another one 2.5V
Here in CR&D G.NOIDA, general purpose I/O’s are designéithvcan be used for a
wide range of applications if they are meeting the reduirgpecifications.



CMQOS |/O’s for sub micron VLSI circuit Chapter 2

Chapter 2

STANDARD I/O LIBRARY

A Standard 1/O library consists of the following compots:
* Input Buffers
* Output Buffers
» Bidirectional Buffers
 Compensation cell (If the library contains the axtislew rate control
buffers)
*  Supply cells
* Voltage reference generators

+ Leaf cells that constitute above cells

2.1 INPUT BUFFERS

An input buffer couples the external off chip signal te ttore elements of the chip.
Since the external signal can have voltage ranges rbhagbnd the normal CMOS
operating voltages, an input ESD protection is requiredtiese buffers. The non-
destructive breakdown of diodes is utiized to clamp th¢agel between Vdd and
Vss.The resistor tends to decrease the current rgathen gate of devices. The only
disadvantage is the introduced RC delay (each diode intr@dacirapacitance) to the
input of the circuit. The design has to be optimized idusehigh-speed circuits. ESD
protection for buffers today has a major role to ptayhe efficient chip design. After
passing through the ESD block, the signal is applied t&/Bhbuffer. A typical I/P buffer

may be divided into three main stages as representedhdy block diagram
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Schmitt | Signal at Level Signal at | gyffer To

Frog >
Pad Trigger [ Vdde IeveP Shifter vdd level Set Drive

ﬁuﬁgs 92102 0]

Figure 2.1 Block Diagram of Input Buffer

2.1.1 ELECTRO STATIC DISCHARGE (ESD)

Electrostatic Discharge, in short ESD, protectioweisy important to save the chip from
unwanted voltage which gets developed at the pin due to sounee coming in contact

with the pin. These large accumulated charges can dek&dyansistor, so a mechanism
is needed which can effectively and quickly dischargeumsanted accumulated charge
[17]. And here again the importance of metal rings coimtespicture as they discharge
accumulated charges and protects the chip. Care shoul#drettet there are no acute
angles in the metal layers as they could be a potan&abk of hotspats

An I/P buffer couples the external off chip signal te tore elements of the chip.

Since the external signal can have voltage ranges rbagbnd the normal CMOS

operating voltages, an I/P ESD protection is requiredifese buffers. Non-Destructive
break down of diodes is utilized to clamp the voltages &etwWDD and VSS. The

resistor tends to decrease the current reaching gateéhiBuilock introduces RC delay;
hence the design has to be optimized, if used in high-sjreeds.

There are 3 types of ESD stress models [19]

1. Human Body model:

When a charged person touches packaged device, it resdischarge of the charges
accumulated at pins when his finger comes in contadt piit, with peak current in

Amps of about 100ns duration.

For HBM following factors are important:

Human body capacitance (= 100pf)
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» Charging potential (2KV)

* Finger resistance (which limits current in circuitl SKohm
2. Machine model:
When a machine, which could be a solder iron, bondinghima etc. comes in contact
with the pin, charges from the tip of the machine ¢yetissfer to the pin, which results in
large current.
In this model, resistance which limits peak currenbdigh circuit is much lower (250hm)
so RC time constant is small which leads to highek pearent (3-4 amp) as compared to
HBM.
3. Charged device model (CDM):
In this, ESD event occurs when electro staticalgrghd device (i.e. charge is stored in
DUT, Device under Test, itself) is abruptly dischargedytound. CDM pulse has very
fast rise time so protection device should turn on f@stly thermal damage occurs in
CDM while both thermal damage & oxide rupture occur in HENVM.
Reason for thermal damage:
Flow of high current through circuit results in energy igason, which leads to thermal
damage.
NMOS ESD Phenomena:
For ESD protection, NMOS transistor is used whose dsamonnected to PAD. Now if
ESD event occurs, it injects minority carrier (hplesthe drain, which leads to substrate
current by avalanche phenomena. There is parasitidabipath drain as collector,
substrate as base, source as emitter. Initiallyethiealye current flows from drain to bulk
via P well, which offers some resistance. The drapszcthis P well resistance is nothing
but voltage across base and emitter of the NPN. A® s®0it becomes more than
threshold voltage of BJT, the parasitic bipolar turns lanVI curve it is indicated by
snapback region, which starts at;(Mt;) and is followed by second breakdown point
(Vi2.l) where thermal damage occurg.depends on following parameters:

* Heating at drain junction

* Junction depth

» Substrate resistance

* Channel length & finger width
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For ESD protection another simple circuit which we igsa diode with one terminal at
the pad and other at vdde i.e. the 10 cell operating g®ltaay 3V3. Under normal
condition this diode is reversed biased but if thereoleesESD activity the diode will
become forward biased and will provide this spike a lezmstance path to another very
large dimensioned MOSSWI to ground.

oo
L

To -MOIFET -

&
K}
—

Fad

4

o -greund -

Figure 2.2 ESD protection circuit

In the layout we have these diodes as close to thegppdsszible. Even the output driver
section made of NMOS and PMOS transistors are atsse db the PAD. We have two
types of diodes in fabrication DP and DN.

» DP diodes are diodes in which we have an outer Nrimglland a P+ inside it.

* DN diodes we have P+ as the outer ring and N+ inside it
Though these diodes are in no way different from thetifumag point of view,it is just
the fabrication difference. The diode used by the 5Vraolkelibrary for ESD protection
leads to formation of these parasitic transistors¢hvbause latch-up. The 10 buffers will
work on a supply of 3.3V (+/-10%), but capable of withstandi@ndard 5V (+/- 10%)
signals at the pad.
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Effect of Higher voltages on transistors
When 5V on the PAD, the following effects occur: [19]
* For NMOS:
» Hot electron effect: When 5V on the drain of NMOS, the electron
coming from the source may acquire such high energy hiegt ¢an
penetrate the insulting layer of Sidi.e. they cross the potential
barrier of SiQ layer) which will affect the threshold voltage of
transistor, in other words will change the charasties of transistor.
» Gate -oxide stress potential When 5V comes on the PAD, the
V4s of NMOS will be 5V, which cross the stress limit4{# so
transistor becomes stress.
. For PMOS:

> Flow of substrate current: In case of 5V on the PAD, the diode

formed between the p+ of PMOS and the substrate nM@3becomes

forward biased so there will be flow of substrate aurrmead, without

damaging the input/output MOSFETS. For ESD protection ditifdries,

we have this diode when the n-type substrate is atinftpgotential i.e.

VDDS5 so if there is a spike greater than 5V on the PA®diode will be

forward biased and will provide a discharge path through M@IS&hich

iSs a very big transistor and provides the ground path.

2.1.2 FILLER AND CORNER CELLS (P&R CELLYS)

These cells are used for continuity of metal rings Wwhg responsible for uniform
distribution of power, ESD protection, and N well clgsto prevent latch up. Latch up
may be prevented into two basic ways:

1.latch up resistant CMOS processn this method, the substrate is doped with varying
degree of doping, bottom is highly doped where as the uppebompastlightly doped
compared to bottom. This reduces the parasitic resetaffiered by the n well and the
substrate; hence reduce the gain of the O/P.
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2. Layout technique- in this method, P+ substrate of NMOS transistsursounded by
the N well of the PMOS transistor by collecting nmiby carriers and preventing them
from being injected into the respective bases.

2.1.3 PADS

Pads are basically a sandwich of various metal laysed in the design. The pad consists
of pins and metal connections on all sides to provigepibwer connection to both the
core and I/O elements. Multiple power pads are often usecduce the noise. The
internal elements of the I/O circuit being connecteamhe power pad while the external
elements, the circuit part which will have interfasgh the off chip elements being
connected to a different power pad. A metal layer abtheling pad finally shorts all the
power pads. The noisier power pads, the one connecthad @/IP transistor are separated

from the substrate to prevent the noise coupling throglsubstrate.

2.1.4 SCHMITT TRIGGER

This circuit is used to generate clean pulses from ayrioput signal by providing
hysteresis. The basic principle employed for such cirauithe different switching
thresholds signals going from 'LOW’ to 'HIGH’ and 'HIGHO 'LOW

Figure 2.3(a) Standard Hysteresis Circuit
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WORKING:

We can divide the circuit into two parts, depending on hdrethe output is high or low.

If the output is low then M6 is on and M3 is off and we eoncerned with the p-channel
portion when calculating the switching point voltagesilewifi the output is high, M3 is

on and M6 is off and we are concerned with the n chhgorgion. Also if the output is

high, M4 and M5 are on, providing a DC path to VDD. [16]

Lets begin our analysis of this circuit, assuming that dutput is high (=VDD) and the
input is low (=0V). MOSFETs M1 and M2 are off while M3ads. The source of M3

floats to VDD-Vt,n. With Vin less than the thresthiololtage of M1, source of M3

remains at approximately VDD-Vt,n. As Vin is incredderther, M1 begins to turn on
and the voltage, source of M3 starts to fall towards gtos M2 starts to turn on, the
output starts to move towards ground, causing M3 to staibguoff. This in turn causes

the source of M3 to fall further, turning M2 on even morais continues until M3 is

totally off and M2 and M1 are on. This positive feedbaekises the switching point
voltage to be very well defined. The curve characteridtthe Schmitt is shown in figure
2.3(b).

2.1.5 - LEVEL SHIFTER

Core circuit works at a voltage of 1.2V (typical) where¢hs signals come at higher
voltage levels so in order to apply these signals te w@ need to lower the voltage level
with the help of level shifters.

Working

When input is high Nmos-1 (as shown in figure 2.4) wilomeand will try to pull down
the gate of transistor 4,hence turning it on and simedtasly transistor 2 will be off so
the potential at outl is high and hence transistor § &nd as transistor 1 is on, potential
at OUT2 is low.
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Figure 2.3(b) Demonstration of Noise Deqding With Hysteresis
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Figure 2.4 level shifter
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2.1.6 - INPUT DRIVER
It is used to set drive i.e. the current capabilityhiarge the load capacitor to the desired
value in given time. Circuit is designed in such a way thea aspect ratio (W/L) which is
inversely proportional to resistance, of the transstused in input drive section, has a
value which in turn returns the required time constamgutl buffers are available with
two possible drives towards the core
. Normal drive which is equivalent to an X4 drive in thanslard digital
library. These cells are characterized with intetlmatls up to 80 standard loads
i.e. 0.72pF.
. High drive which is equivalent to an X16 drive in the di&nd digital
library. They are characterized with loads up to 316 stdridads i.e.2.84pF.

2.2 OUTPUT BUFFER

These interface the outgoing signals from the corehéoaff chip environment. Hence
these are used to drive large capacitive loads whick &osn long interconnect lines
such as clock distribution networks, high capacitancetarand high off chip loads. The
drive capability of such a buffer should be such as taeeehhe requisite rise and fall
times into a given capacitive load. Normally the dieapability of I/O buffers is as high
as 8 mA. By driving capability, it means that the outpuffds can source or sink the

specified amount of current in the worst case.

From Test Pre o/P
Core Pin > Driver > Driver
_|
o
.
Q
Q.
v

Figure 2.5 Block diagram of output buffer
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2.2.1 TESTPIN & PREDRIVER

This is connected between the core and Slew Ratedlent|t is basically comprised of

multiplexer and chain of inverters It works in two modest mode and basic operating
mode. And multiplexer is there to select test or baperating mode. The multiplexer is
followed by the series of inverter to generate twgnals NIN and PIN for slew rate

control. Signal at NIN rises faster than PIN sigmal aignal at PIN falls faster than NIN
signal. This is done to ensure that the O/P drivemssistors should not have large

dynamic current

A > LOGIC CONSISTING | PIN
Eﬁ ") MULTIPLEXER [ —p| OF CHAIN OF
INVERTERS NIN
TEN —¥| : >
™
NIN PIN
PIN

Figure 2.6 — Block diagram demonstrating Test pin and pre driver
TM =1, buffer goes in test mode

TM =0, Normal operation

A: input data coming from the core and is transmitteBAD

EN: input enable pin to enable the O/P section

TA: input test mode data pin

TEN: input enable pin, to enable the O/P section vithenn test mode.
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Mode TM| TEN| en| TA|A | NIN | PIN
NORMAL O/P MODE 0 X 0] X| Al A A
NORMAL I/P MODE 0 X 1| X| X{vDD| O
TEST MODE FOR O/P BUFFER 1 0 X TAX| TA | TA
TEST MODE FOR I/P BUFFER 1 1 A A XvDD| O

Table2.1 - Functionality of Test Pin Block

2.2.2 SLEW RATE CONTROLLER

Inductance introduced by the package pins and transmisgies mwiroduce noise, which
is the inductive voltage, in the signal. A fast traasitof the signal at the output pad
tends to introduce frequencies in UHF range into thehgff load.

To reduce noise, we generally control the switchingcvineduces the rate of change of
current at the outpug=Ldi/dt, e= inductive voltagel. = inductance of pins and wires,
di/dt = rate of change of currenSlew rate control circuits thus artificially limit elrate

of current. One way to achieve this is by breaking db#gut driving transistors into a
series of parallel transistors and switch the staggsestially one after the other with
some delay [18]. The slew rate control circuit consi$ta series of NAND and nor gates
which are driven by PIN and NIN signals respectivelg. there is sequential delay in
both NAND and NOR chain, thus they drive the seriesuiput transistors sequentially.
This results in total controllability over the radé change of output current and hence
slew rate can be controlled. These slew rate cdetsohre hard coded so they are unable
to counter PVT variations in slew. So to compensatetiie change in slew rate in
changing PVT conditions, codes are fed through a compendaitick which generates
the code according to the conditions. Compensation lilaskonly an enable pin and the
output pins. This block senses the change and generatesmaon code for the entire
slew rate controlling devices. If in special cases nequire different slew rate for
different 1/0 some modification is done at the celleleby adding special circuitry,
which modifies the code generated by the compensatichk.bl
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Figure 2.7 Slew Control Block

GP and GN are signals, which are connected to thecdd@®OS and NMOS of O/P
drivers respectively. So to control the rate currégad at the O/P pad, we control the
switching of these O/P transistors i.e. condition& @&nd GN signals. Since GP is
connected to PMOS so the falling edge of GP is made wibieh implies that rising
edge of PIN signal has to be controlled i.e. made ssmMNMOS of driver in the slew
block is made weak (increasing the length of NMOS) hbynecting NMOS in series,
similarly to control the GN connected to the NMOSO3P driver, PMOS is connected in
series with PMOS of driver in the slew block (inciegghe length of PMOS) to control
the rising edge of GN signal.

In most applications, slew gets affected due to chang®/iiis condition, than a series
of NMOS and PMOS is connected in parallel instead & NMOS and PMOS. The
gates of those transistors are controlled by the cgdesrated by compensation block.
Depending upon the PVT condition, compensation block gene@des which decides
the number of parallel connected transistors to turntleen these combined transistors
condition the signal connected to the gate of O/P istams of drivers which in turn

controls the rise and fall of the voltage/currenthat ®/P pad.
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2.2.3 - OUTPUT DRIVER

An output buffer must have sufficient drive capability thiave adequate rise and fall
times into a given capacitive load. Drivers are ngtlbat series of inverter, which sink
or source current. Their size depends upon the desiredsth@rgth [3].
The O/P drivers are divided into N inverters, the gdteloch is permanently tied to the
signal coming from the slew control block, thus thisvelri decides the current
sourcing/sinking capability in best conditions. The gatesther inverters are connected
to the signal coming from the slew block through the pates, which are controlled by
TSASRC codes, which are generated, by the compensalibrDepending upon PVT
condition, compensation will generate the TSASRC caleb these codes select the
number of drivers connected in parallel i.e. depending upAnd@ndition the driver size
are changed which control the falling edge of curretheapad.
To achieve the specified functionality of the output bufidifferent types of output
stages are used.
1. Push-Pull Stage
A push pull stage consists of p and n transistors atutpbpad for sourcing and sinking
respectively where each of transistors is contraledugh a different chain of tapered
inverters fed after buffering. This has two advantages:

1) No direct gate contacts of the two output driver tsh0ss

2) Static and short circuit power dissipation can be daebiby bifurcating the
inverter chain in such a way such that while sourcingent at the O/P pad, NMOS
driver is made off before PMOS is on and vice versa.
2. Open Drain Output Stage
This has an advantage over the push pull, and thathasijust one driver stage. Such
configuration avoids gate source-drain capacitance, thiusgna faster than push pull.
But this configuration can either sink or source curegrd time, which limits its usage.
The output state of the pad can also be driven to &istad can be connected to buses
where high impedance state is required for data trarfidieris mainly used in buses.
3. Push Up/down Stage
Often the tristated output is put to a particular logicllewstead of letting the bus float.

Either logic low or high can be made at the output usirg pghll up or pull down
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transistors Normally the NMOS transistor is usedpolf down and PMOS transistor for
pull up. But the strength of the transistor is so chakahwhen a logic level appears at

the output from core, it must overcome the pulling up ormmutiown action.

V

GP S =

From slew rate |control hlock - PAD
GN o ‘ —1
L ‘ =

V4

Figure 2.8 Output Drivers

2.3 - BIDIRECTIONAL BUFFER

This contains both input and output buffers and signal ntar @s well as leave the core
as shown in figure 2.9.

Advantage of input buffers or output buffers over bidire@iodouffers is that due to
smaller circuitry in them there is less leakage current

In standard libraries, the end user is provided with Botlthat it can be used as per the

requirement.
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Pull up/Pull
down
To T ESD
Core Vdd/Vdd3 Vvdd3
\vdd
N Test ﬂ» Level shifter and Output
& Pin Predriver  [®] Stage N
™ PIN
L PAD
Gnd nd/Gnd3 Gnd3

Figure 2.9 Block Diagram of Input Output Buffer

2.4 ABOUT I/O LIBRARIES

A standard library contains the above-explained cé&lsch of the above mentioned

categories might have different number of cells eachtajperg to different

specifications.

Each of the 1/O libraries is identified by its nomiatgre. Input buffers, output buffers

and bidirectional buffers have got their own way of paolature as mentioned in table

2.2. [23]
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INPUT BUFFER OUTPUT BUFFER BIDIRECTIONAL
BUFFER
IBUF CMOS I/P B Push pull BD Bidirectional
buffer O/P buffer buffers
TLCHT TTL for I/P BT Tri state O/P| 1% suffix Drive
buffer buffer capability in
mA
SCHMT /P Buffer 2" suffix H for high
with drive I/P
Hysteresis stage
1% suffix T for TTL 1% suffix Drive 39suffix | ZI for tri state
levels, capability in I/P stage, Al
C for CMOS mA for gated I/P
levels stage
4" suffix | S for schmitt
trigger on I/P
2" suffix H for high 2"%suffix | C for CMOS| 5" suffix T for TTL
drive I/P (Absence of levels, C for
stage C=TTL) CMOS levels
3 suffix Al for gated | 3 suffix R for slew | 6" suffix R for slew
/P rate control, rate control,
AR for AR for active
active slew slew rate
rate control control
4™ suffix U for active | 4™ suffix | OD for open| 7" suffix OD for open
pull up drain drain O/P
D for active 8™ suffix U for active
pull down pullup, D for
active pull
down
5™ suffix Q for switch | 5™ suffix P for test 9™ suffix Q for switch
on pull-up functions on
down pullup/down
6™ suffix _TCforxV | 6"suffix | _TCforxV | 10" suffix P for test
capable capable functions
_FTforyV _FTforyV | 11Msuffix | _TCforxV
tolerant tolerant capable
_FTforyV
tolerant
7™ suffix ISO for 7™ suffix _ISO for 12" suffix _ISO for
isolated from isolated from isolated from
substrate substrate substrate

Table 2.2- Nomenclature of Buffers
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Chapter 3

DESIGN STRATEGY

3.1 Design of I/O elements

In the design of Input/output buffers, there are somecakiispects, which have to be
taken into consideration at various design levels. Madus will be on designing the
circuit for hysteresis, ESD protection circuit, Driysimple inverter) and Current buffer
with Xma driving capability (where X is any number initable range) and certain
aspects regarding active slew rate control will alsdibeussed.

3.1.1 Hysteresis

Hysteresis is often required in input buffers to decoumenthisy externadignal from the
core circuitry of the chip [4]. For a noisy externginsl we desire that the buffer doesn’t
switch it’s state due to noise. We should have a mdoginhe noise considerations as
shown in the figure 3.1. As long as the signal doesn’t govb Vilhyst the o/p doesn't
change. So you have a margin of Vihhyst - Vilhyst. malty, without hystersis it will
start changing as soon as the voltage goes below Yifhyhis case).

The basic principle employed for such circuit is the dhif¢é switching thresholds for
input signals from low to high and high to low transtiegswhen we apply low voltage
to the i/p and ramp it up to the high level the threslpoliit comes say at a point Vin =
Vilhhyst. Simmiliarly when we apply a high voltage dteti/p and decrease it the
threshold point comes at point Vin = Vihlhyst . We chéleese points to be different such

19
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that Vilhhyst>Vihlhyst as shown in the figure 3.1 below

A

Vout
Vhyst

Vilhhyst

TR Vihlhyst

Vin

Figure 3.1-Hysteresis Characteristics

3.1.1.1 CIRCUIT DESIGN
As mentioned above the idea is to achieve differaesstiold points.

3.1.1.1.1 Standard hysteresis circuit

Figure 3.2 shows a very commonly used Hysteresis cirklate the different
threshold voltages of n-channel and p-channel tramsiste® used as advantage.
The Schmitt trigger proper consists of three p-channgcee M1 to M3 and
three n-channel devices M4 to M6.
Functioning
For the dc voltage sweep from low to high at the inghdugh M5 turns ON after Vin >
Vin5 ,M4 does not turn ON as Vt4 (threshold voltage of N#4¥hifted due to body
affect. Hence output voltage remains at high level .3dwrce of M4 is initially at a
voltage of VDD -Vt6 (body affected).But after Vin> Vtrihe voltage at node N1 begins
to fall. Here M6 and M5 form an inverter pair, havinfeadback effect with M6 acting
as a resistive load. As soon as VGS4 > Vt4 (body &itBctM4 gets ON and output node

20
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is immediately pulled to the ground. Also the drive strer@ftmMOS M4 and M5 is
more compared to the pMOS M2 and M1.This explains the psheansition
characteristics of the circuit. The value of Vihhgis{pends primarily on W/L of M6 and
M5 for a given technology (Vtn fixed). Keeping M6 fixed, gter is the W/L of M5, and
faster is the rate at which the node N1 is pulled downs Ppulls up the switching
threshold Vihhyst to a lower value towards left in fig®.1.A similar explanation ensues
for the input. Going high to low and feedback transistdraid M2 forming the inverter
pair with M3 as a resistive load. Here the switchingghold Vilhyst depends primarily
on W/L of M1.The difference in the two logic thresholdsachieved by a different
pMOS and nMOS body affected threshold voltages.

ML
—

iy
it (T
A :m:‘i;;;;

1“15i

Figure 3.2 Standard Schmitt trigger

Approximate values of Vilhyst and Vihhyst can be oladinsing [1]
k5/k6=((Vdd-Vihhyst)/(Vihhyst-Vtn)2................cccoo el (eql)
k1/k3 = ((Vilhyst)/(Vdd-Vilhyst-|Vtp]))2.......coveevvvvnen.....(€02)

Advantages/Disadvantages
The driving transistors M2 and M4 show racing conditiorenvthe transition begins.
The switching points of the circuit cannot be definedcigedy because the circuit is

21
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based on a rationed operation. The NMOS inverter M5ambthe PMOS inverter M1,

M3 are rationed circuits.

Transistor Change Rising Falling

threshold threshold
Vihhyst Vilhyst

M3 W increases No change Decreasgs

M6 W increases increases No change

M1 W increases increases increases

M5 W increases Decreases Decreasg¢s

M2 W decreases Decreases Decreasgs

M4 W decreases increases increases

Table 3.1- Functioning of Schmitt trigger

3.1.2 Drive strength

“Drive Strength” of an input buffer is the capacity d&tbuffer to “drive” the specified

load inside the CORE as shown in the figure 3.3

— {ORE: - -

Figure 3.3- I/P buffer driving the core

22
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The “Drive Strength” of the Buffer is primarily decideg¢ the size of the last stage
transistor. The bigger the size the greater is itadrapability. As expected the PMOS
transistor decides its current sourcing capacity whetleadNMOS decides its sinking

capacity.

Till a certain point we gain in terms of speed of bufr the drive capability of the

transistor is increasing after which greater areathadcapacitance effect at the internal
node takes over which slows down the buffer in termh@fslopes and delays. Also this
may increase to such extend that previous stage mapen@ble to drive the large

capacitance of the last stage. Tapering of buffers meagequired which may result in

layout area increase. Smaller the sizes of the istansmay result in very less drive

capability, which may prevent the buffer to drive tleguired number of gates in the
CORE.

3.1.3 BASIC DESIGN (Simple inverter)

Mostly the last stage would be a simple inverter whes#S and NMOS transistor
Width's decide the drive strength. The last stage coutnl lads cascoded transistors as
shown in the figure 3.4(a). Here The Widths should beulz&d accordingly. The
supply should be of the same level as the one drivinG@RE

Figure 3.4(a) - Basic inverter circuit
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ANY OTHER

Some times the last stage may not exactly be antérnvke in a tristate circuit. But the
principle remains the same. The PMOS, when ON, shoailldbie to drive the desired
load maintaining the slope requirements and similarlyNMOS ON should be able to
do the same as shown in the Figure 3.4(b). The last staget exactly an inverter.
Supply should be of the same level as the one in theECOR

Figure 3.4(b) - Last stage in case of tristate circuit

GUIDELINES FOR CIRCUIT TUNING
The Standard drive Widths for CORELIB are calculatedd®ingy Power*Delay Product,
Rise times, fall times and Delays v/s Wp/Wn of aremer [21], whereas for the IOLIBs
we try to keep the threshold point very close to th@ezeof the swing (vdd/2). This is
generally very close the value of the CORELIB cell.
TECHNOLOGICAL CONSTRAINTS
The Considerations with the technology generallyinglude

» Finding the corresponding Wp/Whn ratio.

=  The minimum Width technology constraints.

=  The Number of transistors minimum sized inverter caredr

= Accordingly we decide on the drive strength.

3.1.4 Electrostatic Discharge

ESD is the discharge of large amounts of electrostdizzges on to the chip causing
irreversible damage to the chip like gate oxide breakdewap-back, gate drain shorts
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etc. Various reasons could be touching the chip with banels, touching with charged
instruments etc. This has today become a major stugly since a lot of chips are

damaged due to these phenomena.

Optimization of ESD protections in IC is a task tobe addressed

at two different levels:

1. Elementary protection structures
2. Device protection network
Elementary protection structures

 Components suitable to accomplish a localized and w#eenergy discharge
path.

* Are annexed to pad circuitry

» Can be active elements of the device

» ESD failure modes are related to the pad architecturéhardischarge model.

» ESD protection devices should be chosen and optimizetittee frequirements of
different pads.

» These structures should have minimum impact on the funadtlmehavior of the
device

* Protection architecture should be full consistent withprocess flow

Device protection network

* The set of elementary protection structures (e.g. p@wpply protections) and
“passive” elements (metal bus, substrate taps, guard ringejved in any
possible discharge path.

* Optimized elementary protections are necessary busuffitient to achieve ESD
immunity.

* In actual devices it is not possible to implement amehtary protection between
any pair of pads.

» Taking advantage of existing metal bus, substrate taps,gaad rings. It is
possible to organize the protections in a network progidi safe discharge path

for each ESD configuration.

25
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Typical ESD failures:
* Oxide damage at the drain/gate overlap in n - channeldsétin directly
connected to the supply lines
*  VEesp> Vid (OX)
» Drain contact /junction damage in the n-channel biassdap - back by the ESD
pulse.

What is snap - back?

* A parasitic lateral NPN bipolar is associated to anghannel transistor

* Turning -on this bipolar is termed as the snap - back.

» Irreversible damage is caused by the snap-back in nohingti structures.

» Junction avalanche inducted by the ESD can turn omigadar causing snap -
back.

* Itis possible to rely on snap-back to develop an optithMOS protection

structure

What should the protection devices protect?

CMOS INPUTS Gate oxide breakdown

Gate to Vcc protection

Input diffusion to nearby diffusions

CMOS output buffers Damage to the drain/substrate junctions

Damage to the drain contacts

Drain gate filament damage

Drain source melt flaments

POWER pins Damage to the internal circuits

Increase in the post ESEy leakage

Table 3.2- ESD protection

What should the protection devices do?
Input/Output/Supply Pins

» Clamp the ESD voltage to shunt the ESD Stress Current
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e Turn on Fast (Less than 1 ns)

e Carry Large Currents of 2 Amps or more for 150ns
* Have Low on-resistance

* Occupy minimum area at the Bond pad

* Have minimum capacitance

* Introduce Minimum series resistance

* Be immune to Process Drifts

* Be robust for numerous pulses

» Offer protection for various ESD stress models
* Not interface with the IC’s functional testing

* Not cause increased Vcc or I/O leakage

e Survive the burn-in tests.

Main requirements for ESD protection

Triggering voltage: Vcc < Vtrig < Vbkd (ox)
* higher than operating voltage i.e. no interference thighdevice functionality
* lower than failure thresholds
» gate oxide breakdown voltage ( input /power supply )

* snap back voltage of the pull down ( output )

Lateral NPN as the ESD device
Reverse biased collector junction collects minorésriers
» Collector junction avalanches holes are injectethénsubstrate.
Avalanche is the process in which highly energized particles causerthatibn
of holes electron pairs.
» Excess holes forward bias the emitter junction becafiiee potential increase in
the substrate. Current begins to flow in the base megio
* Electrons flow from forward biased junction to depletimgion. Holes flow in
the opposite direction.
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Positive feedback quickly focuses current into the bag@ng device is now

operating as a bipolar.

Advantages of NPN as ESD device

Triggering and sustaining voltage higher than power supplycamelr Ithan oxide
breakdown

high impedence when the device is ON in operating conditio

low impedence when the device is OFF and ESD is applied

Low dynamic resistance ( ~10 Ohms range )

Structure consistent with the CMOS process.

Drawback of NPN as ESD device

Bipolar action is induced by the collector avalanch®e mechanism is a potential
cause of failure

Large size is required to reduce ESD current density behew? breakdown
threshold

Uniform current distribution is necessary but not gasitained

Not suitable for very fast ESD models (CDM)*.

*CDM — Charge Device Model

3.1.5 Output Pad buffers

CMOS output pad Buffers are used to drive large capacitivs ladich arise from long

global interconnect lines such as clock distributionvoeks, high capacitance fan out

and high off chip loads. The drive capability of such deoighould be such as to achieve

the requisite rise and fall times into a given capacikbad. Normally the drive capability

of 1/0 buffers as high as 24mA [1] and as low as 0.8mAvalable. Conventionally a

XmA buffer would mean to source or sink XmA while fulfif the worst case

CMOS/TTL dc levels at the output of the sourcing/sinkingnsistor. The following

section would help explain the meaning of an XmA buffed gives the analytical design

equations for designing such an output transistor drivers.

Design of a XmA Bulffer:
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Consider a push pull stage at the output of the buffer whatle p and n transistors are
driven by different set of controlled signals throughhaire of inverters. The p transistor
would apparently source the current while n would sink tiveeat. All the simulations
are performed at the worst conditions. This considegsirtductive voltage drop in the
power pads (due to the packaging lead inductance).Typicallypaadr@.4 V is used for

the equations and eldo simulations here.

. _wdd=vdd{worst}-0: 4¥ (inductive voltage drop)

A Bourcing curremt- - - - - - o o o

BUFFERS . . .
G 30

BUFFERS - - - ||
8 G

Figure 3.5(a) - PMOS sourcing current in X mA Buffer

los=B[(V 65 VTP)VDS-Vps?/2] 2]............... 1(a)

wherep is given as

B=HPe/tox. (WIL)P .o 1(b)

(W/L)p=[X . 10-3]. [( -4.1 + [Vtp| )0.4 - 0.08} [tox/TpX]....cververneen. 2

tox is the oxide thicknes&lp the hole mobility andd the relative permittivity of the
Silicon dioxide.

The aspect ratio(W/p)of the pMOS driver is designed such thas3#XmA.Thus for a
CMOS output buffer (W/L) of the p driver for a XmA Buffisrgiven as in equation in 2.
With appropriate value oflp the hole mobility which is a highly sensitive paraenet
aspect ratio values of the driver close to that obethly ELDO simulations are obtained.
The normal procedure for finding the driver sizes dilby performing ELDO / SPICE
simulation on an isolated transistor under requisite deldeand worst case supply

voltages.
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. . Add=vdd{worst) -0. 4¥ [inductive voltage drop)

BUFFERS . ]

= S € o O

BUFFERS - - ||
G————a - G

Oy, Sinking current

Figure 3.5(b) - NMOS sinking XmA of current

XMA=Ln*elt,, (W/L)n [(5-Vtn)*4-0.08]

Wherelln=electron mobility

Similarly the n transistor figure 3.5(b) will sink curtewhile meeting CMOS / TTL
output dc conditions. A rise fall time of 12 ns is achief@ the all buffers while driving

a maximum load of 25 pf (determined conventionally) undemimal conditions.

Tapering of Buffers

Frequently the output stage transistors are preceded bying ef scaled inverters
typically three in stage to scale the internal op date signal to a drive level capable of
quickly switching the large external capacitance. Thivgnes the degradation of signal
paths by placing too large a capacitive load on previ@agest

The optimization to be achieved in such scaling is toinmze the delay between the
input and output while maintaining the area and the powsipdison. A basic derivation
of tapering factor in [2] has shown the factor to vastween 3 to 10.A series of
advanced works has appeared recently in journals. The wd® gives an accurate
expression of this factor taking into account the shiocuit current power consumption.

Design of tapered buffers for gate arrays and standarcicmlits is presented in [4].
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While a variable stage ratio approach as a means doftirg) the area of cascoded
inverters in Buffers is presented in [5].

Undoubtedly the tapering of buffers for optimization toeteonstraints such as area,
power and speed has come to occupy a degree of importari®effan design. An

extensive deal on this topic is certainly out of scofie present work

Different output stages

Often a plain inverter stage at the output of bufferavisided. The miller capacitance
formed between the gates and the source-drain diffusionf[B] and n transistors can
result in oscillations at the output in series with tead inductance. Also the self-
bootstrapping causes additional delays. The short circwitepaissipation is highly

possible in such a configuration. These limitationsehgiven rise to several types of
output stages. Below is explained some of the widely usefigocations with their

relative merits.

PUSH-PULL STAGE:

A push pull stage consists of p and n transistors atutpbpad for sourcing and sinking
respectively, where each of the gates of transissorentrolled through a different chain
of tapered inverters fed after buffering (as shown garé 3.6) Such a stage has the
advantage of doing away with the miller capacitance agwcén bootstrapping (by
avoiding direct gate contacts of the two output driversistors.). Also static and short
circuit power dissipation can be avoided by bifurcating itiverter chain in a way such
that while sourcing current at the output pad, NMOS drivenade OFF before PMOS is

on and vice versa. This prevents a short path at aoynemt of operation.

Figure 3.6- Push pull output stage
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OPEN DRAIN OUTPUT STAGE:

An open drain stage is superior to push pull stage in timatsijust one driver transistor.
Such a configuration obviously avoids even the sourcen-difusion capacitance apart
from doing away with miller capacitance. Thus open disafaster than a push pull stage
pad. The limitation of such a driver is that it cam&itsource or sink current at a time.
The two possible configurations are shown below in &g8i7. The output state of the
pad can also be driven to tristate and can be connextledses where high impedance

state is required for data transfer.

/P o/P
H H
L Z

oo Tapered Buffers - oo oo S
/P oP
H H
L Z

Figure 3.7 - Open Drain output stage
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TRISTATE PADS:

A high impedance state, which is the state when noecurlows at the output, is
required when data is to be transferred from the bus [l4$. state is achieved when
both the p and n output transistors go into cutoff regiomperation. A simple logic for
enabling such a state with a particular dc level atnpgntipin is shown in the figure
3.8(a) and figure 3.8(b).Thus when input pin EN is high, bo#imgb n transistors at the
output is OFF and tristate is achieved. Open Drain outpgestcan also be tristated by

appropriate signal at the input.

Figure 3.8(a) - Tri stated pads Using NAND gate
EN — Active Low
EN — H, Z — Tristated

Figure 3.8(b) - Tri stated pads Using NAND and NOR gate
EN — Active Low
EN — H, Z — Tristated
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PULL UP/DOWN STAGES:

Often the tristated output is put to a particular logiclleveead of letting the bus float
[22]. Either logic low or high can be made at the outputgushe pull up or pull down
transistors. Normally the NMOS is used for pulling dovad #MOS is used for pull up,
configured as shown in Fig 3.9.The design specificationfof6jhe pull up /down stages
specify the equivalent resistance and the pull up/down dualrwed. The design of
such transistors is such as to allow the least spatwer consumption though quickly

pulling up/down the tristated bus to the required logic. Theymitiown stages can also

Figure 3.9- Output/Input pull-up pull-down transistors
Be used at the input of input buffers to keep them frontifiga
3.2 Slew Rate Control
A fast transition of the signal at the output pad tendstt@duce frequencies in UHF
range into the off chip load being fed. Sometimes thesolmes undesirable in
applications such as if the signal is fed to a Televisbip, cellular phones, radios etc.
The signals in the UHF range then appear as noise. iamy a time’s controlled
switching of current signal at the output pad is requirediceett by slew rate control
circuits. A controlled switching also results in reduceftitdpower supply noise. The
source of this noise is the inductive voltage drop V &l/dt) at the power rails where
inductance is introduced by the package pins.
Other methods to reduce this noise would be to use Westanductance package pins
(usually the center pins) for power and ground or reducingfthehip load being driven.
Slew rate control circuits thus artificially limit eéhrate of current switching thereby
limiting the UHF interference. A very basic work orhat exactly slew control would
mean has been presented by Parthasarthy in [7].
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The basic approach for achieving slew rate is to bthakoutput driving transistors in
different parallel transistors and switch the stagemiesatially one after the other with
some delay. Below is explained the working of a Slew ntrolled circuit used with
Pad limited 1/0O design. The slew rate action is bdgiathieved through the circuit
shown in figure 3.10(a).

A predriver consisting of inverters is designed in suakagt so that the signal at NIN
rises faster than PIN while signal at PIN falls éaghan NIN (simple jugglery with W/L
of predriver inverter can achieve this.). The sigralks shown in figure 3.10(b). For
illustration sake let the signal at NIN and PIN falWkich is when the input signal goes
low). Since PIN goes low first, the output of all thAMD gates PD1 -PD4 go high at the
same time This results in all the output p transistaows in figure 3.10(d) go OFF at the
same time. While NIN goes low from high state latemtthe PIN, the output of the first
NOR gate ND1 switches to high later. Further ND2, ND3 gl would switch high
sequentially as the signal is propagated through the NOR-N&@Tof gates. The
switching of ND1-ND4 is as shown in figure 3.10(c).Therabgontrolled switching at
the output is apparently concluded by applying the signals ND4s the output driver
n -transistors stages [15]. A reverse case of output dugig while sourcing current is
explained as above with faster transition at NIN tR&x.

01 £ 03 R

o o]

14

IR o]

18

A18
H14 -
14

Aan “mn Aoz am

Figure 3.10(a) - Slew rate control circuit
The rate of switching is controlled by the amount dagi®ffered to the propagation of
signals by the set of NAND-NOT and NOR-NOT set of gatéreater is the delay
offered to a particular transition of switching, momnizolled is the current switching
and hence more is the slew rate control. A set dfifinations can be made to the basic
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circuit of slew rate control to have a balance @wslrate control, area and power

constraints.

NIN

Figure 3.10(b) - Signals from Pre-Driver stages

ND1 ND2....ND4

Figure 3.10(c) - Switched signal at the NMOS driver I/P

4 EEELJI%EE
= SERE

> O/ PRD -

Figure 3.10(d) - Multi stage O/P driver
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3.2.1 Active Slew Rate Control

Although, Active slew rate control and design of comptmsaBlock is beyond the
scope of the current work, but to understand I/O’s as @eylt is necessary to have a
brief overview of the compensation block. The netgssithe slew rate control has been
explained in the earlier part of the work.

What is active slew rate control?
Normally the designing of an I/O is done in the woistec conditions i.e. meeting the
timing constraints etc. Worst-case design is used $ahbadata can be transferred from
one circuit to another within a given time periodslunder these conditions that the slew
is measured but unfortunately the worst-case conditiothfo slew lies on the other end
usually referred to as the “best conditions”. Therefmsave move from towards the best
conditions slew increases and degrades the noise penicemactive slew rate control is
the way to compensate for this change of slew wighRR'T conditions so as to able to
keep relatively constant slew over all conditions.
How is it achieved?
An electronic circuit is designed to provide digital comp#ing information to a CMOS
output buffer or to a number of CMOS output buffers. Thisudi is usually called the
COMPENSATION BLOCK. This compensating information used in the buffer to
ensure that the CMOS buffer will operate quickly during “starase” conditions but will
not operate too quickly under “best case” conditions.
The digital information from the compensation blocked to the transistors. The code is
such that for best case fewer transistors are @seflecurrent) and for the worst more
transistors are on (larger current).
Compensation Block
This circuit, as we know now give the digital code foe thuffers used to offset the
process changes. The basic principle behind the desidmsdilock is to have three sub
blocks. As shown in the figure 3.11

= A Block which gives o/p proportional to the changes imTPV

= A Block which gives o/p independent of the changes in PVT

= A Block, which compares the o/p of two blocks to give tiesired digital code.

37



CMQOS |/O’s for sub micron VLSI circuit Chapter 3

Proportional to
changes in PVT

Compares and give
a digital output

Independent to
changes in PVT

Figure 3.11-Compensation Block

The COMPENSATION cell controls the value of the cotrelew rate of the output
signal delivered by the I/O Cell and also its output impee€aand maintains them in a
specific range. The cell is designed to provide digitalrmédion depending on the
current temperature, process, and supply levels to a CM@&utobuffer or indeed a
number of CMOS output buffers. Due to the terminationfigoration, a DC current
flowing through the output buffer causes the current slée t@ be controlled during
switch-on and switch-off of each N and PMOS driver.14 are dedicated to 1O for this
control. The compensating information allows CMOS dnsffto operate fast enough, but
not too fast, whatever their PVT environment (Pss¢é/oltage, and Temperature). The
code is continuously updated as the PVT conditions vary.

The user has to connect the codes, which are goingetasked in 10s to their
corresponding rail. Unlike the previous designs, the conapienscell provides 14 output
bits .In earlier designs these 14 bits are averaged todpra 7-bit code. But this 7 bit
code had a weak point .It couldn’t account for the contitiwhen PMOS was fast but
NMOS was slow and vice versa. This design provides 7 a@phits for PMOS as well
as NMOS to overcome this problem. Another differeinoen the previous designs is the
use of Band gap reference generator to generate thenedewroltage. An external
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resistor is used to convert the band gap referencegeotia current. Use of external
Resistor minimizes the variation in current becausehe very low tolerance (1%
compared to 20% for the internally fabricated one). ©bgut current of this cell is
much more stable than output of the PTAT current geneth&d was used in previous

designs.

3.3 Low power design considerations

A majority of power consumed by the output buffers ish®y dynamic switching of high
capacitive loads at the output. Obvious means of reducingmdgndissipation is
operation of the circuit at lower frequencies, reducing supptages and voltage signal
swing on the high capacitive interconnects or evaheabutput (for e.g. ECL compatible
levels). Such low swing CMOS buffers have been repoj@¢dspecially designed for
applications where the interconnect capacitance is bigih as in gate array design
where the floor planning may require the buffers to beea in different array of cells or
in different functional blocks. Such buffers need both dniver -receiver configuration,
drivers to pull down the signal swing on interconnects @ceiver to pull up the signal
to full swing CMOS logic. A system level design for dniyiand receiving the terminated
low voltage swing signals between CMOS chips is predeme[9]. The ECL level
compatible buffer automatically measures the impedancéh@fexternal lines being
driven and match the 1/O pads driver to reduce the rigftest

Static and short circuit power consumption [10] though nohsttuting a major
contributor to overall power consumption, is a factasilg controlled through simple
design changes. A properly designed push pull stage at the oditpu buffers can
prevent shorts between power rails (as explained gar@ open drain stage further
saves power with just one driver transistor. Static ggogaving is also made by using

proper receiving stages, in case of low swing voltaddy. [

3.4 Input Buffers
An input buffer couples the external off chip signal te ttore elements of the chip.

Since the external signal can have voltage ranges rbagbnd the normal CMOS
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operating voltages, an input ESD protection is requiredtiese buffers. The non-
destructive breakdown of diodes is utilized to clamp théagel between Vdd and Vss.
The resistor tends to decrease the current reachirgatbeof devices. Figure 3.12 shows
the circuit to achieve the diode clamping. The only digathge is the introduced RC
delay (each diode introducing a capacitance) to the inptlteofircuit. The design has to
be optimized if used in high-speed circuits. ESD protedtorbuffers today has a major
role to play in the efficient chip design. A full levdiscussion on this issue has been left

out of the present work for terseness sake and as s&edouffsiture work.

Figure 3.12 - Input ESD protection circuits

CMOS AND TTL BUFFERS

An external signal may be either CMOS or TTL. Notynéhe design of input buffers
consists of cascaded CMOS inverter chain sufficientifee the internal load [13]. A
CMOS to CMOS buffer design is very simple, having tweenters as shown in figure
3.13. The gate length of first stage inverter is gredten the normal gate lengths to
prevent early avalanche breakdown with high input gatages.
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Figure 3.13 - Input Buffer

Many systems still use TTL or ECL interface for cotiplty with existing systems or
for high-speed interchip communication. So input buffersiclv convert TTL logic to
CMOS are necessary for the design. Design of such bufferery easy with a pair of
CMOS inverters where the size of first inverter basn scaled down to switch between
the TTL logic thresholds Vof 0.8V and \, of 2.0V.Thus to locate the switching logic
threshold around 1.4V, the PMOS and NMOS size of firgtrier has to be scaled down.
Such configurations have patently high static power copgam.For example when the
input is TTL high of 2.4V, both PMOS and NMOS is on anddeea through current

from supply to ground, resulting in standby power dissipafit].
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CHAPTER 4

DESIGN AND SPECIFICATIONS OF
BIDIRECTIONAL BUFFER

The design strategy of designing the bi-directional bufées been discussed in previous
chapters. Keeping those design strategies into mind folipRiDIR has been designed
BIDIR name: BD2SCARDQP_2V5_ LIN

4.1 NAMING CONVENTION

BD Bi-directional buffer.

1% suffix - Drive capability in mA.

2" suffix - S for Schmitt trigger on input.
3" suffix - C for CMOS levels.

5™ suffix - R for slew rate control

AR for active slew rate control.

D for active pull down.

8" suffix - Q for switch on pull-up/down.
o™ suffix - P for test functions.

10" suffix - _2V5 for 2.5V.

11" suffix - _LIN for Linear views.
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4.2 ELECTRICAL SPECIFICATIONS

Parameter Minimum Typical Maximum Unit
Vdd Core power supply 0.9 1.0 1.1 \%
voltage
Vdde2v5 2.5V 10 power 2.2 2.5 2.7 Vv
supply voltage
Tj Operating junction -40 25 125 °C
temperature

Table 4.1 — Electrical specifications of the bi-directional bffer

4.3 10 SPECIFICATIONS FOR 2.5V BIDIR

The 2.5V 10s comply with the JEDEC standard JESD8Db. [23]

Parameter Minimum Maximum Unit
Vil Low level input 0.7 \%
voltage
Vih High level input 1.7 \%
voltage
Vhyst Schmitt trigger 300 600 mV
hysteresis

Table 4.2 - DC input specification (2.2V<vdde2v5<2.7V)

Parameter Min. Max Unit
Vol Low level O/P 0.2 V
voltage
Voh High level O/P Vdde2v5- \%
voltage 0.2

Table 4.3 - DC output specifications (2.2V<vdde2v5<2.7V)
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Parameter Minimum Maximum Unit
Ipu Pull up current 27 85 uA
Ipd Pull down current 20 99 UA
Rpu Pull up resistance 32 81 Kohin
Rpd Pull down 27 110 Kohm
resistance

Table 4.4 - Pull-up and Pull down Characteristics

4.4 BUFFERS DESCRIPTION (FUNCTIONALITY)

4.4.1 BIDIRECTIONAL buffers
Bi-directional buffers are tri-state output buffers agged with an input buffer.

[@coellMName]

Figure 4.1 - Bi-Directional IO

EN Function

0 Output buffer plus copy of A on ZI. The I/P signal arrieesA, the cell drives
IO and ZI with 10=ZI=A

1 Input buffer. The input signal arrives on 10, the cellely ZI with ZI=IO.A is

not used

Table 4.5 - Modes of operation of a normal Bi-directionaBuffer
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4.4.2 OUTPUT STAGE:

The rating of output buffers, which is 2mA, is a DC speatiion. This is the

current a buffer can source/sink within VOH and VOL dmstions, in worst-

case conditions. The maximum output current, during outputhang, is much

higher.

The primary goal of the slew rate control circuitrytasreduce the SLOPE of the
CURRENT flowing to/from the load. Furthermore, thibrdiry includes only

buffers with "active" slew rate control, which ha\®R" in their names. Their

output current slew rate, dI/dT, is relatively constar@rahe temperature, power
supply and process variations.

4.4.3 MODES OF OPERATION FOR 2.5V 1/O
Normal operation (NORMAL INPUT/OUTPUT MODE)

If the pin EN is LOW for a Bi-directional buffer then the buffer iis Output
mode, and can drive out a 2.5V signal.

If the pinEN is HIGH (1.0V) for a Bi-directional buffer then the beiffis in Input
mode, and can receive a 2.5V signal.

IDDQ test

For IDDQ test there should be no dissipation in 10s.

1.0V Core supply power down (COREOFF MODE)

A feature for 2.5V Capable 10s is that if the 1.0V carppy (VDD) is powered
down, whilst there is external activity at the 2.5¥nfaces the Output transistors
do not turn-on and no dc power is consumed. In other wextlrnal 2.5V
activity doesn’t have impact on the 10s, but signalano&d be received or
transmitted. This ICFOREOFF MODE.

During COREOFF MODE, the internal DC current remaiesyMow, and the

buffer remains in tri-state mode.

IOOFF MODE

Some applications for 2.5V Capable 10s require that the p&hphery supply
(vdde2V5) be powered down, whilst the core (1.0V) supply lisastiive. This
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might happen during power up/down sequences, for example.yJfetdud 2.5V
supply (vdde2V5) is powered down, external activity at the 2ifeérfaces
cannot be allowed, either at 2.5V or at 1.0V signal &\&hce in either case the
junction diodes of the output pmos devices would be forwaseti collapsing
the signal. Therefore, such a mode supports the presénte d.0V supply
whilst the 2.5V supply is powered down, but doesn’t allowiigtat the external
interface to the pad. Thisi® OFF MODE.
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Chapter 5

LAYOUT STRATEGY
5.1 HIERARCHY

The use of hierarchy involves dividing a module into swdutes and then repeating this
operation on the sub modules until the complexity ofstife modules is at an appropriate
level of detail This is similar to software applicatiprogram where large program are
split into smaller and smaller sections until simple rgubnes, with well defined
functions and interfaces can be written. Although we lave module at single level but
the picture of the module will not be clear and easilc@eable. In case of hierarchical
approach, if some error occurs in the functionalityentht is easier to focus on the
problem and can be corrected with ease.

5.1.1 INSTANTIATION AND HIERARCHY

Many times in a circuit, certain leaf cell is used ynames in the same cell, and that cell
may exist in some library. There are three wayw/ich that leaf cell can be placed in
the cell i.e.

» Either by designing the leaf cell from scratch

* By copying the cell from the library and the placingtithe required place

« By just instantiating the leaf cell in the cell. Thkest method has one major

advantage over the first two, as it reduces redundancy.

By instantiating a cell or leaf cell inside a circwe just refer that the action to be
performed on the signal at that instance has to berpmetl by the cell or leaf cell
present in some library. It helps in DRC and LVS a&saéll or leaf cell is already DRC
and LVS clean. So when we run the DRC or LVS we perfdhese tasks in
HIERARCHIAL mode. Hierarchy is nothing but the actiparformed on the circuit in
top to bottom fashion. By top to bottom fashion weaméhat the task is first performed
on the top level, i.e. if some cells are instantiate the circuit the direction of flow of
action is directed to the instantiated cell and if agame cells are instantiated in the
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instantiated cell in the main circuit, then it goeshe cell instantiated in the instantiated
cell. Again if we want to go to the bottom most imsi@ed cell we can descend into the

cell only in hierarchical way.

5.1.2 CALIBRE

CALIBRE is the Mentor Graphics batch layout verifioat toolset, which works on
GDSII and CIF (CalTech Intermediate Format) data, el @ data generated from IC
station. Layout verification is required to check théditgt of the layout in context of
Process and actual gate level design prior to theirngestn silicon. The layout
verification is divided into the following four tasks:

Design Rule Check(DRC) verifies that the physical design rules havenbeet for
every object in the design. These rules are technottependent and they require
updating as the technology changes.

Layout Versus Schematic(LVS) verifies that the layout matches the schernati net
list.

Parasitic Extraction (PEX) presents layout information about parasiticstasce and
parasitic capacitance and back annotating them to pomdsg objects in the schematic,
for more accurate simulation. With this informatigiou can see where to change the
layout to improve chip performance.

Electrical Rule Check (ERC) performs connectivity related checks.

GDS Format For calibre DRC and Calibre LVS verification; itrsquired to generate a
netlist of the layout in GDS format. This format gerts the geometrical information of
the gate level logic into a netlist file which setedent codes for different layers used in
the layout, along with its geometrical shape, in thyua in the form of coordinates.
During Calibre DRC, it basically picks the layer coded #he coordinates for different
layers and compares it with its design rule file drcid&al This drc.ctrl file contains the
defined set of rules for layers spacing and their mininggametrical shape. Calibre
DRC is a fast, high capacity, and complete design rulekchestem.

CDL Format This is a format in which the information about tbennectivity of
different devices, pins, and components in a circuittased. This netlist is slightly
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different form Spice netlist so during LVS verificatidhe tool picks the information
about the connectivity of different layers and their gonfiguration and compares it with
the schematic netlist which is in CDL format whielctually has the connectivity

information about the circuit form schematic

5.2 HIERARCHY IN LAYOUTS

In a layout of an 1/O, there are two types of cells:
Base celiconsists of active, poly, and transistor. Usuallydoe library, all the I/Os have
same base cell irrespective of whether its an inputpud or bi-directional with few
exceptions where some modification at the base Ilsvelecessary to achieve some
important characteristic which is otherwise not daesn the chip. Base cell has defined
boundaries within itself for different blocks, whicreaneeded to design a buffer. And in
these defined space, transistors with active and polghéd particular block is present in
floating state i.e. they are not connected togethespme other leaf cell is instantiated.
Leaf Cell can be of two types:
= One having only the information about the connegtiat transistors with their
pin information at top level or at the instantiated evel. They have different
metal rails, vias and pins in their cell view.
= The other type contains active and poly forming thesistor along with some
metal rails used in the cell, which is same for ladl tells in the library. These
cells are actually instantiated at the base levelcandbe instantiated inside other
leaf cell or they can instantiate some other leglfscinside them. They are
generally lower in hierarchy to base cell.

5.2.1 LAYOUT EXTRACTION

Once a layout has been constructed, then it is requiregenerate its extracted view.
Layout extractors examine the interrelationship ogknkyers to infer the existence of
transistors and other components .As metal layers used to connect different
components, to provide path for the signal to flowhm process parasitic resistances and
parasitic capacitances are added to the original cifCty affect the functionality of the

chip apart from degrading the quality of the signal. So>draeor basically calculates
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the parasitic resistances and capacitances at eachanddadds this information in the
extracted view. It is necessary to check the funclitynand performance of the signal
taking into account all the parasitic effects. Thisasomplished either by simulating the
generated netlist from the extracted view or back atimgt the parasitic effects at their
respective nodes in the schematic and simulating thesnbamatic view. First approach
IS quite easy .The output given indicates the actual respdrtbie circuit on silicon. This

helps in making modification in layout view to reduce piéicagffects to restore the

specified functionality and characteristic of the circui

5.3 LATCHUP

The device structures that are present in the standar@SCkéchnology inherently

comprise a pn-pn sandwich of layers as shown in figur@pahd figure 5.1(b).
.-
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(betaln) + DIn betal(n) * In R2  |well

m*@/“ A=
_/\R/l\/\ & rﬁ\Q

- | -
| sub I beta(p) * Ip Ebe’ro(p) + D" p

Figure 5.1(b) — Effect of latchup

The sandwich can be thought of as a connection betagrmasitic pnp and a parasitic
npn transistor. The source of the n-channel tramsistons the emitter of a parasitic
lateral npn transistor, the p -substrate forms the bas the n-well forms the collector.
Also the source of the p-channel transistor formsetinéter of a parasitic pnp transistor,
n -substrate as the base and the p-substrate as lgwtarolThus the resulting circuit is
formed.
In the normal mode of operation both the junctionsraversed biased. Problem occurs
when due to some reason one of the two transistoiatgahe active region. Then a
positive feedback is formed and large currents flows cgusieakdown in the cmos.
This phenomenon is called latch up [20].
The transistor can go into the active region forr@etaof reasons like

= application of voltage which is greater than power supgpliage to an i/p or o/p

terminal

= improper sequencing of power supplies

= presence of large dc currents in substrates

= flows of displacement currents in the substrate duestacfeanging internal nodes
Latch up chances increase when the substrate oravelentration is made lighter, as the
well is made thinner and as the device geometries ade rthinner. This is because it
increases the resistances and increases the bdetagistors.
Latch up can be prevented by include special protectioctate at i/p and o/p pads so
that the excessive currents flowing can be effegtislunted and inclusion of low
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impedance diffused “guard rings” surrounding the wells. Therlatte formed by using
the source/drain diffusion and provide a low-resistangaipetent ring in the substrate

and well to lower series resistance.

5.3.1 TENTATIVE LATCH UP DESIGN RULES

Definitions

IO: Input / Output. Power pads are not considered as IO pads.

Emission site all active regions (OD) directly (or via a maximuesistance of 5kW)
tied to an 10 pad as well as all junctions which caridoeard biased are considered as
potential emission sites, and must be protected agatobktup.

Well tie: a well tie is an OD active used to connect thesw@&h/OD inside a Pwell as
well as an N+/OD inside an N well are considered dkties.

Majority guard ring : a majority guard ring is a well tie which completelyreunds an
emission site of majority carriers. It aims at eollng majority carriers, and decreasing
the well resistance.

Minority guard ring : a minority guard ring is usually formed by an N+ OD /dllw
(with or without Deep N well) connected to a high potdnfvdd). It completely
surrounds an emission site of minority carriers (by Hg/P well or N well/P well
junctions) and aims at collecting them.

Ring series resistanceit corresponds to the maximum resistance from angt dithe
guard ring to the PAD where the ring is connected (gdyéafdtl for N+ OD / Nw guard
ring and Vss for P+ OD Pw guard ring). It includes metaldng contact resistances as
well as silicided OD resistance. The value provided i dbcument can be applied only
if all other rules concerning guard rings are fully appliedn{inuous silicided OD
surrounding an emission site).

Critical IP : All IPs having active regions directly (or via a nmaxm resistance of 5kW)
tied to an IO pad are considered as critical from &lat@oint of view (ex: 10 cells).
Critical Nwell: All Nwells having a P+ OD (or an isolated Pwell) ission site are
considered as critical Nwells.

Maximal voltage difference the voltage difference must be calculated in all apjiica
modes of the IP. The highest voltage difference is tisex for Nwell distance rules.
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E3
Figure 5.2(a) Measure to avoid latch up

In the figure 5.2(a) shown above the green color shew@D (active region). In this
particular case OD is working as a guard ring. This actiea has got a lot of resistance,
which aids in latch up problem. So to minimize thestasice of the OD metall (blue) is
placed over it having as many contacts as can be f[@s$ie metall will come in
parallel with OD and hence minimizing the resistance.

In figure 5.2(b) one of the method called strapping has teaa in order to avoid latch
up problem. In this case the n substrate or p substratdiel to VDD or ground
respectively as either the case may be for PMOS &n@3! The figure below shows the
strapping with vdd i.e. n substrate with the help of aiag different metal layers.
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Figure 5.2(b) Measure to avoid latch up

5.3.2 Metal thickness rule

Metal thickness rule to be followed while forming thgdut at different temperatures

Tj=105°C
Metal Level Idc(mA) Irms(mA) Ipeak-DC(mA)
M1 3.036(W-0.02) | Sqrt[93.83(W-0.010.484] 16.45 Idc
M2 4.026(W-0.02) | Sqrt[30.08(W-0.010.654] 8.07 Idc
M3 4.026(W-0.02) | Sqrt[15.77(W-0.0°N1.248] 8.07 Idc
M4 4.026(W-0.02) | Sqrt[10.68(W-0.0°N1.842] 8.07 Idc
M5 4.026(W-0.02) Sqrt[8.08(W-0.02)2.436] 8.07 Idc
M6 4.026(W-0.02) Sqrt[6.49(W-0.02)3.030] 8.07 Idc
M7 4.026(W-0.02) Sqrt[5.43(W-0.023.624] 8.07 Idc

Table 5.1 — Metal thickness rule at T=10%
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Ti=110°C
Metal Level Idc(mA) [rms(mA) Ipeak-DC(mA)
M1 2.116(W-0.02)| Sqrt[92.55(W-0.020.484] 23.58 Idc
M2 2.806(W-0.02)| Sqrt[29.68(W-0.030.484] 11.57 Idc
M3 2.806 (W-0.02)| Sqrt[15.55(W-0.02)0.484] 11.57 Idc
M4 2.806 (W-0.02)| Sqrt[10.54(W-0.02)0.484] 11.57 Idc
M5 2.806 (W-0.02)|  Sqrt[7.97(W-0.02)0.484] 11.57 Idc
M6 2.806 (W-0.02)|  Sqrt[6.41(W-0.02)0.484] 11.57 ldc
M7 2.806 (W-0.02)|  Sqrt[5.36(W-0.02)0.484] 11.57 ldc
Table 5.2 — Metal thickness rule at T=11C
Tj=125C
Metal Level Idc(mA) Irms(mA) Ipeak-DC(mA)
M1 0.759(W-0.02) | Sqrt[88.93(W-0.010.484] 65.79 ldc
M2 1.007(W-0.02)| Sqrt[28.51(W-0.020.484] 32.23 Idc
M3 1.007 (W-0.02)| Sqrt[14.94(W-0.040.484] 32.23 Idc
M4 1.007 (W-0.02)| Sqrt[10.13(W-0.040.484] 32.23 Idc
M5 1.007 (W-0.02)|  Sqrt[7.66(W-0.02)0.484] 32.23 Idc
M6 1.007 (W-0.02)| Sqrt[6.16(W-0.02)0.484] 32.23 Idc
M7 1.007 (W-0.02)|  Sqrt[5.15(W-0.02)0.484] 32.23 Idc

Table 5.3 — Metal thickness rule at T=12%
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LTI
LELE L
L H I
{EEs1 11

Figure 5.3 - layout view corresponding to BD2SCARDQP_2V5_LIN

Layout of the leaf cells that constituted the abovatimeed top cell has been placed in
the APPENDIX |
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VALIDATION FLOW AND ANALYSIS OF RESULTS

Usually an 1/O library consists of

= Level converter

= Schmitt trigger

=  Multiplexer

= Slew rate controller
There may be other blocks to which may be designed raageerding to specifications
and their necessity.
After the completion of design, there is a necessityRICE regression of that particular
library. Regression is nothing but to simulate thealiprto check the parameters of the
circuit are within in specifications or not.
Before discussing the regression of the library, ldissuss the flow of tools, which are

used in regression of libraries.
6.1 Flow for simulation of library

= A particular library is given which has to be regressed.

= As per according to the library requirement, a particutnsion of design kit
(DK) is chosen i.e. a compatible DK

= Various tools which are compatible with the DK arairsed in the directory
namely

UNIOPUS

Calibre

Artist kit

AMS

» Unicad utilities
Above mentioned tools are from CADENCE, MENTOR GRAEH and ST
MICROELECTRONICS

YV V V VY
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= The library is launched in OPUS from where GDSII fdeextracted.
GDSil! file is extracted from layout of the circuit.
= Next CDL file is extracted which is the netlist betschematic view.
A schematic contains the information about the desigarjous transistors, their
parameters like aspect ratio and some passive elen®xitematic is just a symbolic
representation of the circuit in design. Actual physitzeia that goes into Chip is layout.
Virtuoso Layout Editor (Opus) is used to make layouts. Thersatic contains all the
information and simulations are run on the netlistcheck whether the results are in
desired range. With the help of the schematic layoetsi@signed.
= After extracting CDL file and GDS file, post layout Isttis extracted
for post layout simulation (PLS). This netlist includakthe parasitic
capacitances whether they are of wires or of any s\athel any other
parasitic if present including the connectivity of b tcomponents.

= A particular directory structure is made for running outdineulation as
shown below

IOSIM
|
v v
BE .ucdprod
lib.spec
tool.spec
¢ ¢ SO
CELLS COMMANDS referencemodel.spec
v l
CELLNAME VIH
VIL
v Transcoductancs
PL netlist

Figure 6.1 Directory structure for simulation

IOSIM is a tool used for running out the simulation afedént process corners, voltage

and temperature (PVT conditions). Different process arsrime. nfps, nspf, nsps, nfpf,

58



CMOS I/Q’s for sub micron VLSI circuit Chapter 6

different operating voltages and different temperaturescarsidered for simulation.
These process corners are defined in the filespec, this file refers to
referencemodel.speltom where the path of all process corners is seneklist post
layout netlist which was extracted earlier is placeaithist.

Finally a command is run

losim simu —command VIH —cell CELLNAME —netlist netlist —-medikuspec

This command is going to execute which will extract nemflielectrical parameters from
the command file. Command file for various parametees varitten in SPICE code.

These commands files vary from circuit to circuit.

For detailed schematic views refeppendix I

S P e ir e e e es et s ewes

—|— —I— _FJJ\EL-:UIL
. . | | . . . E)'Tm PHT_ IS Bl THEN . .
L?\‘b_ WMCSFED %
IREC él %.
IDW[WJ?:‘\W\_TH?T —D_ e | g
. . | |J . . . . § g
44 g
47 -
—!— | | FRED TP | PLUFFEFT
E e e | FERAC_ Tkl :_N'D—: TNO_CUT_Tie —
o R e o L A S
L: __E | | PP HT_ TR 7 W |
o | il i
CMCS Schmitt Trigger Bidirectional Fad Buffer ,ZmA drive
capability ,with Test Pins ,with active slew—rate Control,
with Switchoble Pull-Down. : : : :

Figure 6.2 - Block diagram of BD2SCARDQP_2V5_LIN
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6.1.1 Eldo simulations and effect of changing W/L
Symbols and notations used in the tables
Wp - P Transistor Width

Whn - N Transistor Width

PW - Pulse Width

Rd - Rise Delay

Fd - Fall Delay

Rt - Rise Time

Ft - Fall Time

VM - Maximum Output Voltage
vm - Minimum Output Voltage
Isr - Current Sourcing Capability
Isn - Current Sinking Capability
Sf - Falling Edge Slew Rate

Sr - Rising Edge Slew Rate

+ - Increase in the value

++ - Large Increase in the value
- Decrease in the value

- - Large decrease in the value
* - No change in the value

< - Slight decrease in the value
> - Slight increase in the value
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Observed values at different widths of transistors are comp&d with values

obtained at the normal width of transistors

Wp | Wn| PW| Rd Fd Rt Ft| VM vm Isr Isn Si Sr

+ * + - < - > + > + * * +
++ * ++ -- < -- > + > ++ * * ++

* + - * - * - * S * + + *

* ++ -- * -- * -- * - * ++ | ++ *

+ + < - - - -- + - + + + +
++ | ++ < - -- -- -- + -- ++| ++| ++| ++

Table 6.1 - Results obtained while changing the width of tragstors in the
2V5 _OUT_2MA block of the bi-directional buffer BD2SCARDQP_2V5

Conclusion
=  When width of only p transistors are increased pulsehwitking edge slew rate,

max output voltage and current sourcing capability of théeburdcreases while
rise delay and rise time decreases.

= When width of only n transistors are increased curianking capacity and
falling edge slew rate increases but pulse width, fallyddddl time and minimum
output voltage decreases.

= When width of both p and n are increased, the output respbas mixed
characteristics of above both cases as pulse widklanth rise delay, fall and rise
time and voltage minimum all goes down whereas curramiceg and sinking,
rising and falling slew rate, voltage maximum all seegd hike in their values
except pulse width which gets a slight up shift in its value

Explanation

= Number of carriers in a transistor depends upon the wafithe transistor. By
increasing the width of transistor, we actually inseeghe number of carriers and
thereby reducing the resistance offered by the chahhil.results in high current
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sourcing capacity of the transistor in case of p tsams. When high current
flows through the circuit, time for charging goes downicWwimeans reduction in
rise time and this forces the circuit to attain a higlue of voltage within the
same time period and consequently reducing the delay. Agatheacharging
current is high and the rise time is low therefore ridie of change of current,
which is nothing but the rising edge slew rate, increaBee to reduction in time
taken for charging, the positive edge delay of the outpuélsigres down and the
width of the output increases.

=  When the width of n transistor is increased we agtir@foduce more number of
free electrons in the transistor and this increaseharge reduces the resistance.
Now this time the current sinking capacity of the ciragwes up and due to
reduction in resistance offered by the channel, thehdiging time decreases,
which means the output is pull down to ground in less ttimereby decreasing
the fall time and the falling edge delay. As the cirdwals to discharge large
amount of charge in less time, the rate of changekihg current increase in the
circuit and that's why we observed that when we hadteased the width of n
transistor, the falling edge slew rate was increasedafor difference between
the action of the present case and the previous casigeonidth of the output
signal is, the pulse width increases in case of p stamsiand decreases in case of
n transistors and the reason for this behavioras ith both the cases, the rising
and falling edge gets a shift towards the reference ands when only the n
transistor is made large, only the falling edge getsfavehich means decrease in
the time difference between falling and rising edge.

=  When the width of both n and p transistor is increatieel,number of holes and
electrons in p and n transistor is increased resp8cti@onsequently a large
amount of current can now be sinked or sourced fromrémesistor. This lowers
the time taken by the circuit to charge or dischargecttwiit thereby reducing
rising and falling time, rising and falling edge delay. Bdtba slew rates get a up
shift in their value. There is a shift in the valuengaximum output voltage and
minimum output voltage because the circuit can be chargefiscnarged more
quickly within the time period.
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Wp | Wn| PW| Rd Fd Rt Ft| VM vm Isr Isn Si Sr

+ * _ * _ * > * * * + + *
++ * — * _— * - * * * ++ ++ *

* + + - < > > < > + * * +

* ++ | ++ -- < - > + - ++ * * ++

+ + + - - > - + > + + + +
++ | ++ + - -- - - + - ++| ++| ++| ++

Table 6.2 - Results obtained while changing the width of tragstors in the
2V5_FSRAC_2MA block of the bi-directional buffer
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Conclusion

The FSRAC block is used to control the slew rate eftbffer. From the table one can

draw conclusions that as we increase the width of msigtors in the circuit keeping the

width of n transistors constant, the buffer gives atpot with higher values of falling edge

slew rate and sinking current but lower values of pulsehwidil delay and fall time .The

changes has no effect on rise delay, rise time, nuemirand minimum output voltage,

sourcing current capacity and rising edge slew rate.

A different set of changes can be seen in the outppbnss when the n width of
transistors is increased. Pulse width, rising slew, ratel sourcing current all
shoots up whereas the effect on rise delay, rise falle¢jme, minimum voltage
is opposite, and no effect on sinking current and falliexy sate.

An increase in values of sourcing and sinking currentgriand falling slew rate,
maximum output voltage and pulse width is seen when botid rparansistors
are made large. The same change has opposite effersingnand falling delay,

rising and falling time, and minimum voltage.

Explanation

In the first case, only the width of p transistoririsreased, and therefore the
resistance in that path is decreased. We see the FSR&E, NIN and PIN

signal is applied to the two different inverters, whichs an extra p and n
transistor connected respectively to their invert@asically by changing the
width of n and p transistors we are changing the widtthede extra-connected
transistors. The output from inverter connected to Nlies the n transistor in
output section of the buffer. This inverter has anaextrtransistor, connected
between VDD and p transistor of the inverter, whea wWidth increases, the
resistance in charging path decreases and as the twogistors are in series, the
output is a smooth curve. By controlling the charadiesisthat is the smoothness
of the output, we actually control the Vgs of the ndistors in output section.
Consequently the strength of the sinking current incegashich increases the
falling edge slew rate of the buffer. The other effets also due to increase in

the sinking current strength.
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= When the width of n transistor increases, resistamtiee discharging path of the
FSRAC block decreases. This controls the output chaisteie of the inverter
connected to PIN signal. The output has a smooth curvehwdrives the p
transistors to the output section .By changing the cleristics of the output of
the inverter connected to PIN signal, we actually gkatihe characteristic of the
applied voltage at gate of p transistors. Therefore gineeist sourcing capability
of the buffer increases and hence the rising edge akaamncreases.

= By increasing the width of both n and p transistortheén FSRFC block, the gate
voltage of n and p transistors in the output section simeos and thereby the
sourcing and sinking capability of the output section irggedut in continuous
manner due to smooth change in VVgs. This results in hghking and sourcing
current and therefore increase in rising and falling etkye rate at the output.

6.1.2 Simulation results for the Bi-directional Buffer ¢(efer to Appendix

1)

DC I/P threshold

Parameter Minimum Maximum Unit
VIH Input high voltage 1.322 1.622 \%
VIL Input low voltage 0.876318 1.168 \%
VHYST Hysteresis 0.393727 0.562903 \

Table 6.3 — DC I/P threshold
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19-Apr-2006 File : input_dc.coun
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Figure 6.3 — VIH minimum
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16:23:02 ELDO v6.5 2.2 Production - 0265,027 : * iosim 2.3.8

v, YED Vo)

!
r H
r H
25
20 :
- H
- i |1 67et00
15[
:
L H
L B[ 1. 10e+00
1ol
o5
ool
L f
:
L 3_09e-03
- Base
-0.5 ||||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

0.000 0.001 0. 002 0.003 0.004 0. 005 0.008 0007 0_008 0.003 0.010
=

Figsure 6.4 — VIH maximum

66



CMOS I/Q’s for sub micron VLSI circuit

Chapter 6

19-Apr-2006 File : input_dc.con
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Figure 6.5 — VIL minimum
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Figure 6.6 — VIL maximum
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Figure 6.7 — Minimum hysteresis
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Figure 6.8 — Maximum hysteresis
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INPUT TRANSIENTS at 100MHz

PARAMETER MINIMUM MAXIMUM UNIT
Delay fall 0.421 1.4702 ns
Delay rise 0.363 0.9641 ns
Duty cycle 49.206 56.874 %
Fall time 4.514 6.1473 ns
Rise time 0.44812 1.3849 ns

Table 6.4 — Input transients

19-fpr-2006 File : input tran2vVh.con
13:05:13 ELDO v6.5 2.2 Production - 0265,027 : * iosim 2.3.8
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Figure 6.9 — Minimum Delayfall and Delayrise time in O/P w.t. I/P in I/P buffer
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19-spr-2006 File : input_tran2vh.coun
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Figure 6.10 - Maximum Delayfall and Delayrise time in O/P w.t. I/P in I/P buffer
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Figure 6.11 — Minimum Duty cycle and fall time in I/P buffer
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ELDD v6.5 2.2 Production - 0265,027 :

File :

19-Apr-2006
13:02:55
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Figure 6.12 — Maximum duty cycle and fall time in I/P buffer
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19-Apr-2006 File : input_tranZVh.con
13:08:24 ELDO v6.5_ 2.2 Production - 0265,027 : * iosim 2.3.8

v, , iz Vo)

P
= i [[ 2. 70e+00
s
i
2.5 1
2
"
"
20| "
20
"
'
1.5 '
"
2
;l 9.92e-01
i
Hi
T
iy
{1.80e-01
1
L
L i
F 1.07e-08
F 4. 47e-10
-0.5 ] [ ] | | | 11 | [ [ | | | I 1 1 | 1 | | | ] [ ] |
0.0 0.5

1.0 1.5 z.0 2.5 3.0 3.5 4. 0e-2
s

Figure 6.13 — Minimum rise time in I/P buffer

19-Apr-2006 File : input_tranZvh.coun
13:04:13 ELDO v6.5 2.2 Production - 0265,027 : * iosin 2.3.8

V., Y(ZD) V(1)

iy
-

2.5 -
i [4.]2. s0e+00]
A
- i
2.0 0
15[ :
B i
C Lo
1ol :
0.5

o
1.|1.18e-08
Bal 1. 34e-09
o b Lo b v v b v b v b o

L] 0.5 1.0 1.5 2.0 Z.5 2.0 2.5 4.0e-8
5

-0.5

Figure 6.14 — Maximum Rise time in I/P buffer
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PARAMETER MINIMUM MAXIMUM UNIT
PULL DOWN 29.47 95.924 UA
CURRENT
PULL DOWN 78.045 28.147 Kohm
RESISTANCE

Table 6.5 — Pull down current and pull down resistance

File :

PULL_DN.cou
ELDO v6.5 2.2 Production - D265,027 :

* josim 2.3.8

19-Apx-2006
13:46:04

I(VID

-2 Be—ED ( )

-2.7 :_

-2 8 :_

-2.9 :_
FF2.950-05]

T

-3.0 :_

-3.1 :_

-3 2 :_

0. Dle+hl
Basg
-3. Fe- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.0 0.1

Figure 6.15 — Minimum pull down current
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19-Apr-2006 File : PULL_DN.cou
13:46:19 ELDO v6.5_2.2 Production — D265,.027 : * iosim 2.3.8
ﬁﬂ.ﬂﬁe— _:I[(Vm)
-0 88 __
—0._90 __
-0.92 __
-0.94 __
| F9.59¢-05]
-0_96 i
-0_9%8 __
=-1_00 __
-1.02 __
-1_04 __
0. 0de+00
=-1.0 :E—"e IIII|IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|
[} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 L] 0.9 1. 0e-6
Figure 6.16 — Maximum pull down current
O/P SECTION (DRIVE STRENGTH)
PARAMETER MINIMUM MAXIMUM UNIT
Sink Current 2.682 4.8117 MA
Source current 2.6924 3.8919 MA

Table 6.6 — Sink current and source current

O/P TRANSIENTS (Load = 10pf), Maximum operating Frequency=100Mk

PARAMETER MINIMUM MAXIMUM UNIT
Delay fall 2.6651 4.1959 Ns
Delay rise 2.2628 3.7206 Ns
Duty cycle 50.613 59.875 %

Fall time 2.0991 3.3113 Ns
Rise time 2.2193 3.4506 Ns

Table 6.7 — Output transients
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19-Apr-2006 File : out_tran_l0p2¥G.coun
17:00:50 ELDO v6.5_2.2 Production - 0265,027 : * iosim 2.3.8

v, o Y vz '_iv(m)'_‘

2.5
2.0
15[ 2
r ' i [1. 30e+00
'
L 1. 10e+00
10 ;
0S5
0.0
I . j
r 5_0%e-0| 7_77e-09
- Base 2. 63e-09
-0.5 [ ! Il I BN ! [ ! | [N | ! |
0.0 0.5 10 15 2.0 2.5 3_0e-8

Figure 6.17 — Minimum fall time in O/P wrt input in O/P buffer

19-Apr-2006 File : out_tran_l10p2¥v5.cou
16:58:49 ELDD ¥6.5_2.2 Production - 0265,027 : * iosim 2.3.8

v YW vien Dv(m)

2.5

20

15[ ¢ [1aze+00]
C o o

1o "

N | \

5 use 09 9 IBe 09
Base 4 0ge-09
[T R AT WY NS N T N S

-0.5

ST T T T
[
=
o
;m
w
=
"
@

Figure 6.18 — Maximum Fall time in O/P wrt input in O/P buffer
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19-pr-2006

16:59:48

File : out_tran_l0p2¥5.cou

ELDO v6.5 2.2 Production - 0265,027 :

* 108im 2.3.8

V. Y vizn) V(1)

S|

Figure 6.19 — Minimum rise time in O/P wrt input in O/P buffer

19-Apr-2006  File :
17:00:54

out_tran_10p2v5.con
ELDD v6.5_2.2 Production - 0265,027 :

* iosim 2.3.8

v V{a) V{2I) Vv{IOD}
3.0 = =
25
zol_
e : :
C o :
Lol i |
05|
: 1 #1e-09
oo l
: 1 01le-08 1 38e-08
- Base 3 63e-09
-0.5 | T N [N
0.0 z.5 3_0e-§

Figure 6.20 — Maximum rise time in O/P wrt to input in O/Pbuffer
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19-Apr-2006 File : out_tran_l10p2Vv5.con
16:59:34 ELDD v6.5_2.2 Production - 0265,027 : * iosin 2.3.8

v .Y YD V(i)

& =t =t
2.5
20|
15[ | | 1. a5e+00
B 11 33er00 ' [ 1. 35er00
10| 1 9. 00e-01 19 o0e-01 | | 9. 0De-01
05|
L i [2.09e-09] ! [0.00er00] ! [2.25e-09
0.0 L I w1 I 0
B A : A
- 1.28e-038 1.79e-08 2_29e-03
- Base 5. 08e-03 1. 01e-08
-0.5 AR N N N Y Y ST SNSRI S o s st Y M s i [ S — e |
oo 0.5 10 1.5 2.0 2.5 3. 0e-8

Figure 6.21 — Minimum Duty cycle in O/P buffer

19-apr-2006 File : out_tran_10p2¥5.con
16:58:39 ELDO v6.5 2.2 Production - 0265,027 : * josim 2.3.8

va_nv(n) V(ZI) VIID)

= - =
. Tt .
"
'

2.5
2.0
15[
i ' :
vel [5_o0e-o1] [9.00e-01 [9.00e-01]
., : e
0.5 \

oo E\_]'-_“llﬂ‘ E l]_lllle+l]ll§ 1.01e-06

1.31e-08 1.93e-08| |2.31le-08
Base 6.202—09| |1.01e-08
] ] 1 ] | 1 ] ] ] | 1 | ] 1 1 I ] ] ] ] I
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e[ T T 11T
=
s
o
[
=

Figure 6.22 — Maximum Duty cycle in O/P buffer
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19-Apr-2006 File : out_tran_10p2¥v5.cou
16:58:27 ELDO v6.5_2.2 Production - 0265027 : * iosim 2.3.8

v, o, VIR vieD) v(I0)

2.5
: :
20| )
15[ K :
1.0
os|_
0.0 [ :
s 1. 7de{ 1. 9de-08
o Base |2 07e-03
-0.5 1 1 ] ] | 1 1 ] ] | ] 1 1 ] | ] ] 1 | ] ] 1 1 |
0.0 0s 1.0 1.5 2.0 2.5 2.0e-8
5
Figure 6.23 — Minimum fall Time in O/P buffer
19-Apr-2006 File : out_tran_ 10p2VG.con
16:58:33 ELDO v6.5 2.2 Production - 0265,027 : * iosim 2.3.8
Yo V(A) VI(ZI) V(IO)
25
2.0
15[
1.0
os[
C : [6.15&-10]
0.0 ; 0 e
- l i
- 1 15 1 37e-08
-
05 0 o b [N S S N N SR S N S N B
0.0 0.5 10 1.5 2.0 2.5 3. 0e-8
5

Figure 6.24 — Minimum rise time in O/P buffer
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19-fpr-2006 File : out_tran 10p2v5.coun
17:00:38 ELDO v6.5 2.2 Production - 0265,027 : * iosinm 2.3.8

V., VIR Y(@I)  ¥(I0)

= = = =
2.5 2
L ! ! T
zaol
15|
i r—?‘ n :
B 9. 00401 | !
1o 9_00e- n% 3_006 9. 00e- nil 9_00e-01
0.5| / ; i
- ELUEH “i ! ' | 2.62e-01
i 1 10e- n!s i [0_o0e+nd] 1 10e-05]
0.0 v I I
L 1 15008 | 1 46e-] 1. 69208 | Z. 02e-08
- Base 2 18e— 5_47e-09| & 72e-D3
-0. 5 | 1 1 1 | 1 | 1 1 T T T T T T T T T T T 1 1 | | 1 1 1 1 |
0.0 0.5 10 15 Z.0 Z.5 3 0e-8

Figure 6.25 — Maximum fall time and rise time in O/P buffe

CURRENT CONSUMPTION IN BIDIRECTIONAL BUFFERS

Parameter -40°C 125C Unit
Minimum | Maximum| Minimum| Maximum
2 mAoutput | I(VDDE) | 0.52e-3 | 0.90e-3 0.247 5.58 UA
mode |(VDD) 63e-6 0.001 0.012 0.57 UA
2 mA input mode I(VDDE) 0.79e-3 s0.79e-3 0.06 3.22 UA
|(VDD) 0.60e-3 0.60e-3 0.022 0.74 UA

Table 6.8 — current consumption in bi-directional buffer
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FUTURE SCOPE

The regression of libraries has been done with sdiceand there is a regular updating

in spice versions. As the version of spice incredd€xS model improve .As a result the
design is much more near to the silicon i.e. the resulich come after validation show
much more same behavior as that on the silicon.

The bi-directional buffer designed above can be designemrding to new specifications
i.e. the latest spice versions, as with the latpsiesversions, it is possible that on some
corner cases the design may fail, which may need tedesigned.

Considering the layout, although much care was taken ke tha design latch up free,

yet an efficient layout can be made considering altiésagn rule checks and latch up
checks, which may result in lesser power dissipation.

The above design has been made for 90nm technology, eoteedhnology is scaling day
by day, so this design could be implemented in 65nm teajyolwhich would be a
greater challenge, as more and more defects will cotoeconsideration as we go down
further decreasing the technology.
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CONCLUSION

Designing and implementation of the 2.5V 10 as per theifsa¢on of the end user has
been successfully achieved in the 90nm technology. Roetlaand post-layout
simulations are carried out using the BSIM4 models and nam&ched within the
tolerance. Within the area constraint, layout hanbeade using the entire recommended
latch up rules in the 90nm technology. And the post-layatghiup simulation result
shows that no latch rules are violated. The totap cnea occupied by this 10 is
7.0263*10° mnf.

A comprehensive account of the 1/O library elemerds been presented in this work.
The emphasis is on the circuit design of the sevebatélls and a basic understanding of
the purpose and functionality of the library elemeniscu@ and design issues relating to
hysteresis and Slew rate control has also been peelseAppropriate references for
topics which need a detailed analysis has been givag alih for interested readers.

An 1/O design today is much more than the circuit desighs. circuit limitations can be
well addressed by an efficient layout of the 1/O cklbreover it is in the intelligent
layout that 1/0O latch up (high current through I/O makerthiubly susceptible to latch
up) can be prevented.

Similarly ESD protection through circuits and technolagieodifications has also
assumed importance in an I/O design. These issues feepaaate topic in themselves
and hence have been left out of the present work.
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Appendix |

2V5 SCHMOSREC

2V5_ESD REC
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2V5 INVERTER X2
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2V5_INVERTER_X3

2V5 LEVELSHIFTER

2V5_NMOS_KEEPOFF
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2V5_INVERTER_FSRAC

2V5_DRAINSN_2MA

2V5_DRAINSP_2MA
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2V5_DRIVERS_2MA

Q_50K

2V5_PD
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APPENDIX Il

The following commands were executed in IOSIM in ordegét simulation results

kkkkkkkkkkkkkkkkkhkkhkkhkkkkkkkkkkkhkkkx

** OPTION COMMANDS**

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

.option limprobe=5000 XA = 3.400000e-07

.option eps=1e-8 itol=1e-12 reltol=1e-8 vntol=1e-8

.option notrc reduce nomod noascii nojwdb cou nowarn=240
.option be extmksa AEX

.param RPOLYN_DEV =0

.param RPOLYP_DEV =0

*kkkkkkkk S U P P LY S I G NALS***************
VVDDE2V5 VDDE2V5 gnd dc VDDE
VVDD VDD gnd dc VDDH

.connect gnd 0

.connect gnde 0

kkkkkkhkkhkk MACRO SIGNALS******************************
VREFEIO2V5 REFEIO2VS5 0 V7

VAG6SRC2V5 AGSRC2V5 GND V6

VAS5SRC2V5 ASSRC2V5 GND V5

VA4SRC2V5 AASRC2V5 GND V4

VA3SRC2V5 A3SRC2V5 GND V3

VA2SRC2V5 A2SRC2V5 GND V2

VA1SRC2V5 A1SRC2V5 GND V1

VAOSRC2V5 AOSRC2V5 GND VO

DC INPUT THRESHOLD

**********CO R E S I G NALS******************************

VMTMOO

VEN EN 0 vddh
VTENTENOO
VTATAOO
VTUDTUD OO

VA A 0 vddh

VIO IO GNDE vdde

tran O 1u

*kkkkkkkkkkk EXT RACTION AN D P LOT********************
.EXTRACT label = IPDN -(i(VIO))

.EXTRACT label = RPDN abs(V(VDDE2V5)/I(VIO))
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.plot I(VIO)
.end

INPUT TRANSIENTS

**********CO R E S I G NALS******************************

VMTMO0O

VEN EN 0 VDDH

VTENTENOO

VTATAOO

VTUD TUD 0 VDDH

VA AGNDO

CZI ZI 0 1pf

VIO IO 0 pulse 0 VDDE 00.1n0.1n4.9n 10n
tran 0 20n

.extract LABEL=DELAYRISE (xup(V(Zl),vddh*0.5,2)-xup(V(10),vdde.5,2))
.extract LABEL=DELAYFALL (xdown(V(Zl),vddh*0.5,2)-xdown(MQ),vdde*0.5,2))
.extract label=TRISE (xup(V(Zl),vddh*0.9,2)-xup(V(Zl),vddh*0.1,2))
.extract label=TFALL (xdown(V(Zl),vddh*0.1,2)-xup(V(Zl),vddh*®2))
.extract LABEL=DUTY_CYCLE (xdown(v(Zl),vddh/2,2)-
+xup(v(Zl),vddh/2,2))/(xup(v(Zl),vddh/2,2)-xup(v(Zl),vddh/2,3))

.extract label = peakl (0.95*vddh)-max(v(Zl),0n,20n)

.extract label = valleyl min(v(ZI),15n,20n)-(0.05*vddh)

.extract label = peak2 (0.90*vddh)-max(v(Zl),0n,20n)

.extract label = valley2 min(v(ZI),15n,20n)-(0.10*vddh)

PLOT V(ZI) V(10)

.probe v

.probe i

.0p
.end

N drive

**********CO R E S I G NALS******************************

VMTMOO

VEN EN 0 vddh
VTENTENOO
VTATAOO

VTUD TUDOO

VA A 0 vddh

VIO IO GNDE vdde

tran O 1u
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kkkkkkkkkkkk EXT RACT I O N AN D P LOT********************

.EXTRACT label = IPDN -(i(VIO))

.EXTRACT label = RPDN abs(V(VDDE2V5)/I(VIO))
.plot I(VIO)

.end

P DRIVE

**********CO R E S I G NALS******************************

VMTMOO

VEN EN 0 vddh
VTENTENOO
VTATAOO
VTUDTUDOO

VA A 0 vddh

VIO IO GNDE vdde

tran O 1u
*kkkkkkkkkkk EXT RACTION AN D P LOT********************

.EXTRACT label = IPDN -(i(VIO))

.EXTRACT label = RPDN abs(V(VDDE2V5)/I(VIO))
.plot I(VIO)

.end

PULL DOWN

**********CO R E S I G NALS******************************

VMTMOO

VEN EN 0 vddh
VTENTENOO
VTATAOO
VTUDTUDOO

VA A 0 vddh

VIO IO GNDE vdde

tran O 1u

*kkkkkkkkkkk EXT RACTION AN D P LOT********************
.EXTRACT label = IPDN -(i(VIO))

.EXTRACT label = RPDN abs(V(VDDE2V5)/I(VIO))

.plot I(VIO)
.end
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O/P TRANSIENTS

**********CO R E S I G NALS******************************

VIMTMOO

VENENOO

VTUD TUD 0 0

CIO 100 10p

VA AOQ pulse 0 VDDH 0 0.1n 0.1n 4.9n 10n
.tran 0 30n

.extract LABEL=DELAYRISE (xup(V(I0),VDDE*0.5,2)-xup(V(A),'oDH*0.5,2))
.extract LABEL=DELAYFALL (xdown(V(lO),VDDE*0.5,2)-
+xdown(V(A),VDDH*0.5,2))

.extract LABEL=TRISE (xup(V(10),vDDE*0.9,2)-xup(V(10),vDDE*Q,?2))
.extract LABEL=TFALL (xdown(V(10),VDDE*0.1,2)-xdown(V(IOVDDE*0.9,2))
.extract LABEL=DUTY_CYCLE (xdown(v(IO),VDDE/2,2)-
+xup(v(10),VDDE/2,2))/(xup(v(10),VDDE/2,2)-xup(v(10),VDDE/2,3))

.extract label = peakl (0.95*VDDE)-max(v(I0),0n,20n)

.extract label = valleyl min(v(10),15n,20n)-(0.05*VDDE)

.extract label = peak2 (0.90*VDDE)-max(v(I0),0n,20n)

.extract label = valley2 min(v(10),15n,20n)-(0.10*VDDE)

PLOT V(A) V(ZI) V(10)

.end
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